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1. Claims: 1-4.6-9 

A thermal barrier coating material comprising a cubic matrix 
structure of a rare earth oxide selected from the group of 
2irconia» hafnia and titania and containing a stabilizer 
selected from the group of lanthia^ ytterbia and yttria» the 
material comprising a concentration of the stabilizer 
greater than that concentration of the stabilizer that would 
result in a peak ionic conductivity in the matrix 



2. Claims: 10-14 

A thermal barrier coating material comprising a cubic matrix 
structure of hafnia stabilized by a concentration of a rare 
earth oxide that is greater than that concentration of the 
rare earth oxide that would result in a peak ionic 
conductivity in the matrix 



3. Claim : 4 

A thermal barrier coating material comprising a cubic matrix 
structure of zirconia stabilized by a concentration of 
yttria, wherein the concentration of yttria is sufficiently 
high to create a quantity of multi -vacancy defect clusters 
in the cubic matrix structure such that the material 
exhibits a resistancew to sintering measured as linear 
shrinkage to be less than 4000 ppm after exposure to 1400-^C ^ " • 
for 24 hours. 
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Description 

[0001] This invention was made with United States 
Government support under contract number 
DE-FC21-95MC32267 awarded by the Department of 
Energy. The Government has certain rights in this inven- 
tion. 

FIELD OF THE INVENTION 

[0002] This invention relates generally to the field of 
thermal barrier coatings and particularly to ceramic ther- 
mal barrier coatings as may be used to protect metallic 
components in a very high temperature application such 
as a gas turbine engine. 

BACKGROUND OF THE INVENTION 

[0003] The demand for continued improvement in the 
efficiency of gas turbine engines has driven the design- 
ers of such machines to specify increasingly higher firing 
temperatures. Nickel and cobalt based superalloys are 
now commonly used to form components in the com- 
bustion gas flow path because of their resistance to the 
high temperature oxidizing environment. However, even 
modern superalloys are not capable of surviving long 
term operation at the firing temperatures of modern gas 
turbine engines that may exceed 1 ,400 °C. In order to 
provide additional protection to the metal components 
in the hottest areas of a gas turbine engine, it is known 
to coat the metal substrate with a layer of ceramic ma- 
terial to thermally insulate and chemically isolate the 
substrate from the hot combustion gasses. A widely 
used material for this application is yttria stabilized zir- 
conia (YSZ), with 8 wt. % Y2O3 (8YSZ) being a common 
composition. 

[0004] The thermal insulating properties of ceramic 
thermal barrier coatings have been the subjects of many 
design improvements over the years. United States pat- 
ent 6,025,078 describes the use of zirconium stabilized 
with both yttria and erbia. The erbia reduces the thermal 
conductivity of the material when compared to zirconium 
stabilized by yttria alone. This patent suggests that the 
material may include between 4-20 wt. % yttria, while it 
may include between 5-25 wt. % erbia. Specific embod- 
iments are described as having as much as 29 wt. % 
combined yttria and erbia stabilizer. 
[0005] It is also important for a ceramic thermal barrier 
coating to exhibit phase stability over the expected op- 
erating range of operating temperatures. A change in 
phase may be accompanied by a change in volume, 
leading to the development of stresses within the coat- 
ing and between the coating and the substrate. A ther- 
mal barrier coating having high phase stability is de- 
scribed in United States patent 6,258,467 as having a 
pyrochlore crystal structure. The pyrochlore structure is 
described as having several advantages over a conven- 
tional fiuorite (cubic) structure, including a higher resist- 



ance to sintering. The patent teaches that the oxygen 
defects in a conventional yttria stabilized zirconia (YSZ) 
structure are very mobile and can contribute to sintering, 
whereas in the pyrochlore structure the oxygen defects 

5 are ordered and, hence, can be more resistant to sin- 
tering. Another pyrochlore material, lanthanum zirco- 
nate, is described in United States patent 6,117,560. 
[0006] Both pyrochlore and non-pyrpchlore structu res 
of gadolinia zirconia oxide are disclosed In United States 

10 patent 6,177,200 as having a reduced thermal conduc- 
tivity when compared to conventional YSZ. However, 
this material has a mass about 10% greater than 7YSZ, 
which is a disadvantage for rotating components where 
centrifugal forces may be limiting. 

15 [0007] United States patent 4,535,033 describes a 
thermal barrier coating of zirconia partially stabilized 
with ytterbia. That patent describes a preferred embod- 
iment having 1 2.4 wt. % ytterbia and including the cubic, 
monoclinic and tetragonal phases. This patent illus- 

20 trates that the number of thermal cycles to failure de- 
creases for this material with an increasing stabilizer 
content, with data supporting this trend being plotted up 
to about 25 wt. % ytterbia. 

[0008] United States patent 6, 1 87,453 describes how 
25 a coating formed by an EB-PVD process may not have 
a composition corresponding to the target material used 
to form the coating. The patent discloses a process for 
forming a thermal barrier coating material being a ho- 
mogeneous mixture of yttria and ceria having: 5-60 wt. 
30 % yttria with the balance being ceria. This patent also 
teaches that an increased amount of yttria in ceria will 
enhance the erosion resistance of the material. In con- 
trast, the patent notes that zirconia stabilized with 20 wt. 
% yttria demonstrates a dramatically increased rate of 
35 erosion when compared to YSZ having only 12 wt. % 
yttria. 

[0009] United States patent 6,231 ,998 discloses hex- 
agonal phase zirconium scandate with up to 42 wt. % 
SC2O3. That patent suggests that this material will be 
40 more resistant to sintering than YSZ because oxygen 
vacancies in the crystal structure of YSZ promote diffu- 
sion of species through the structure, thereby resulting 
in relatively easy sintering. 

[0010] There is an ongoing need for thermal barrier 
45 coating materials having improved performance proper- 
ties in high temperature corrosive environment applica- 
tions. For land-based power generation applications, re- 
sistance to sintering is a most important property. Unlike 
airborne applications where frequent power transients 
50 tend to mitigate the impact of sintering, land-based pow- 
er generation machines must operate for long periods 
of time at constant power levels. To be commercially vi- 
able, any new thermal barrier coating materia! should 
be compatible with existing fabrication processes, 
55 should have a mass and a cost comparable to the com- 
monly used 8YSZ material. 
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SUMMARY OF THE INVENTION 

[001 1] The applicant has discovered that a highly de- 
fective cubic ceramic matrix material is unexpectedly 
useful as a thermal barrier coating material. The appli- 
cant has found that a cubic YSZ material having at.least 
30 wt. % of Y2O3 will demonstrate a significantly im- 
proved resistance to sintering when compared to prior 
art materials such as 8YSZ. 
• [0012] The presence of molecules of a stabilizer ma- 

terial within the ceramic matrix structure will result in an 
increase in the formation of oxygen vacancies within the 
matrix. As taught in the prior art, this increase in oxygen 
vacancies will compromise the sintering resistance of 
the material, since the vacancies facilitate the diffusion 
of species throughout the matrix. However, the applicant 
has noted that when the composition exceeds a value 
above which the vacancies start to interact to form multi- 
vacancies, the diffusion coefficients will decrease and 
the sintering resistance will improve. Concentrations of 
stabilizer in a cubic matrix that exceed prior art concen- 
trations can provide a thermal barrier coating material 
with resistance to sintering that far exceeds commonly 
used prior art materials. 

[001 3] Accordingly, a ceramic thermal barrier coating 
material is described herein as including a cubic matrix 
structure of ZrOg stabilized by a concentration of Y2O3 
greater than that concentration of YgOg that would result 
in a peak ionic conductivity In the matrix. The thermal 
barrier coating material may include at least 30 or 40 or 
50 wt. % Y2O3. 

[0014] A thermal barrier coating material is further de- 
scribed herein as including a cubic matrix structure of 
ZrOg stabilized by a concentration of Y2O3, wherein the 
concentration of YgOg is sufficiently high to create a 
quantity of multi-vacancy defect clusters in the cubic 
matrix structure such that the material exhibits a resist- 
ance to sintering measured as linear shrinkage to be 
less than 4000 ppm after exposure to 1400 **C. for 24 
hours. A thermal barrier coating material is further de- 
scribed herein as including a cubic matrix structure of a 
rare earth oxide selected from the group of zirconia, haf- 
nia and titanra and containing a stabilizer selected from 
the group of lanthia, ytterbia and yttria, the material com- 
. prising a concentration of the stabilizer greater than that 
concentration of the stabilizer that would result In a peak 
ionic conductivity in the matrix. Such concentration may 
be at least 30 or 40 or 50 wt. % stabilizer. 
[0015] A thermal barrier coating material is further de- 
scribed herein as including a cubic matrix structure of 
^ Hf02 stabilized by a concentration of a rare earth oxide 

that is greater than that concentration of the rare earth 
oxide that would result in a peak ionic conductivity in the 
matrix. The rare earth oxide may be GdgOa in a concen- 
tration of at least 30 or 40 or 50 wt. % GdaOg. 



BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] These and other advantages of the invention 
will be more apparent from the following description in 
5 view of the drawings that show: 

FIG. 1 is a partial cross-sectional view of a gas tur- 
bine component having a metallic substrate insulat- 
ed by a thermal barrier coating. 
10 FIG. 2 is a graph illustrating the free vacancy con- 
centration and the ionic conductivity of yttria stabi- 
lized zirconia as a function of the concentration of 
yttria. 

^5 DETAILED DESCRIPTION OF THE INVENTION 

[0017] An improved thermal barrier coating material 
10 is illustrated in Figure 1 as being disposed on a sub- 
strate material 12 such as may form a part of a gas tur- 

20 bine engine or other component exposed to a very high 
temperature environment. Such turbine hot section 
parts include rotating blades, stationary vanes, ring seg- 
ments, combustor transitions, etc. The substrate may 
be one of the high temperature resistant nickel or cobalt 

25 based superalloy materials known in the art. A layer of 
bond coat material 14 may be disposed between the 
thermal barrier coating material 10 and the substrate 
material 12. Known bond coat materials include nickel 
aluminide, cobalt aluminide, platinum aluminide, and 

30 the commonly used MCrAlY alloys. An oxide layer (not 
shown) may be grown on the bond coat material 1 4 prior 
to the deposition of the thermal barrier coating material 
10. The bond coat material 14 and the thermal barrier 
coating material 10 may be deposited by any method 

35 known in the art, such as APS, EB-PVD, sputtering, etc. 
[0018] In oneembodiment, the thermal barrier coating 
material 10 is a ytttria stabilized zirconia containing at 
least 30 wt. % Y2O3 and having a cubic matrix structure. 
Other embodiments include a ytttria stabilized zirconia 

40 containing at least 40 wt. % Y2O3, and a ytttria stabilized 
zirconia containing at least 50 wt. % Y2O3, both having 
a cubic matrix structure. Concentrations of yttria stabi- 
lizer of up to 50 mole % are believed to be useful in such 
cubic matrix materials for thermal barrier coating appli- 

45 cations. 

[0019] Figure 2 illustrates material properties related 
to the performance of these materials as ceramic ther- 
mal barrier coating materials. Cun/e 16 is the free va- 
cancy concentration in a YSZ material as a function of 

50 the wt. % of yttria, and curve 1 8 is the ionic conductivity 
of the material as a function of the wt. % of yttria. Note 
that.the above-described embodiments each include a 
concentration of yttria stabilizer that is greater than that 
concentration of Y2O3 that would result in a peak ionic 

55 conductivity in the matrix, and that is greater than that 
concentration of Y2O3 that would result in a peak free 
vacancy concentration in the matrix. The applicant has 
discovered that a cubic YSZ thermal barrier coating ma- 
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terial having such an unusually high concentration of 
stabilizer will demonstrate a resistance to sintering that 
is significantly better than the prior art 8YS2 material. 
The resistance to sintering measured as linear shrink- 
age for 50 wt. % yttria stabilized zirconium has been 
measured using a high temperature dilatometer to be 
less than 4000 ppm after exposure to 1400 C for 24 
hours. The percentage shrinkage of an air plasma 
sprayed 8YSZ coating after 24 hours at 1 ,400 *C. is a 
factor of 4 higher than that of the 50 wt. % YSZ, 
[0020] The presence of molecules of a stabilizer ma- 
terial within a ceramic matrix structure will result in an 
increase in the formation of oxygen vacancies within the 
matrix. It is taught in the prior art that this increase in 
oxygen vacancies will compromise the sintering resist- 
ance of the material, since the vacancies facilitate the 
diffusion of species throughout the matrix. However, the 
applicant has noted that this adverse trend will reverse 
when the composition exceeds a value above which the 
vacancies start to interact to form multi-vacancies. The 
multi-vacancies are larger than the individual vacancies 
and are much less mobile in the matrix material. Thus, 
the diffusion coefficients will decrease and the sintering 
resistance of the material will improve. The multi-vacan- 
cies may be di-vacancies, i.e. the combination of two 
vacancies, or other forms of multi-vacancies. 
[0021] Thermal barrier coating material 10 may fur- 
ther be a cubic matrix structure of zirconia stabilized by 
a concentration of ytterbia of at least 30 wt. % Yb203, 
or at least 40 wt. % YbgOg, or at least 50 wt. % YbgOg. 
Here, again, these concentrations of stabilizer are great- 
er than the concentration of Yb203 that would result in 
a peak ionic conductivity in the matrix, and are greater 
than the concentration of YbgOs that would result in a 
peak free vacancy concentration in the matrix. Coinci- 
dentally, the thermal cyclic life data published in United 
States patent 4,535,033 are limited to only those con- 
centrations of ytterbia that approach but do not exceed 
the peak free vacancy and peak ionic conductivity val- 
ues. Thus, a linear extrapolation of the data of the '033 
patent would lead to the erroneous conclusion that high- 
er concentrations of stabilizer would be even less desir- 
able. To the contrary, the applicant has found that a use- 
ful thermal barrier coating may be formed as a highly 
defective cubic matrix structure of ceramic oxide mate- 
rial wherein the concentration of stabilizer is sufficiently 
high to create a quantity of multi-vacancy defect clusters 
in the cubic matrix structure. Such a material can exhibit 
an increased resistance to sintering when compared to 
the same matrix material stabilized by a more traditional 
concentration of such stabilizer, for example 7-1 2 wt. %. 
[0022] The applicant believes that other combinations 
of ceramic oxides having a cubic matrix staicture and 
stabilized by a rare earth oxide may be useful when hav- 
ing a concentration of the stabilizer that is greater than 
that necessary to result in a peak ionic conductivity of 
the matrix. For example, the cubic matrix structure may 
be a rare earth oxide selected from the group of zirconia. 



hafnia and titania and the stabilizer may be selected 
from the group of lanthia, ytterbia and yttria. Another de- 
sirable thermal barrier coating material 1 0 is believed to 
be a cubic matrix structure of hafnia stabilized by a con- 
5 centration of a rare earth oxide such as gadolinia greater 
than that concentration of Gd203 that would result in a 
peak ionic conductivity in the matrix. Each of these 
above-described materials may contain at least 30% or 
40% or 50% by weight of the stabilizer oxide. 
10 [0023] While the preferred embodiments of the 
present invention have been shown and described here- 
in, it will be obvious that such embodiments are provided 
by way of example only. Numerous variations, changes 
and substitutions will occur to those of skill in the art 
*5 without departing from the invention herein. According- 
ly, it is intended that the invention be limited only by the 
spirit and scope of the appended claims. 



1 . A thermal barrier coating material comprising a cu- 
bic matrix structure of Zr02 stabilized by a concen- 
tration of Y2O3 greater than that concentration of 

2S Y2O3 that would result in a peak ionic conductivity 
in the matrix. 

2. The thermal barrier coating material of claim 1 , fur- 
ther comprising at least 30 wt. % YgOg. 

30 

3. The thermal barrier coating material of claim 1, fur- 
ther comprising at least 40 wt. % Y2O3. 

4. The thermal barrier coating material of claim 1 , fur- 
35 ther comprising at least 50 wt. % Y2O3. 

5. A thermal barrier coating material comprising a cu- 
bic matrix stnjcture of Zr02 stabilized by a concen- 
tration of Y2O3, wherein the concentration of Y2O3 

40 is sufficiently high to create a quantity of multi-va- 
cancy defect clusters in the cubic matrix structure 
such that the material exhibits a resistance to sin- 
tering measured as linear shrinkage to be less than 
4000 ppm after exposure to 1400 ""C. for 24 hours. 

45 

6. A thermal barrier coating material comprising a cu- 
bic matrix structure of a rare earth oxide selected 
from the group of zirconia, hafnia and titania and 
containing a stabilizer selected from the group of 

50 lanthia, ytterbia and yttria, the material comprising 
a concentration of the stabilizer greater than that 
concentration of the stabilizer that would result in a 
peak ionic conductivity in the matrix. 

55 7. The thermal barrier coating material of claim 6, fur- 
ther comprising at least 30 wt. % stabilizer. 

8. The thermal barrier coating material of claim 6, fur- 
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ther comprising at least 40 wt. % stabilizer. 

9. The thermal barrier coating material of claim 6, fur- 
ther comprising at least 50 wt. % stabilizer. 

5 

10. A thermal barrier coating material comprising a cu- 
bic matrix stmcture of HIO2 stabilized by a concen- 
tration of a rare earth oxide that is greater than that 
concentration of the rare earth oxide that would re- 
sult in a peak ionic conductivity In the matrix. 10 

1 1 . The thermal barrier coating of claim 1 0, wherein the 
rare earth oxide comprises Gd203. 

12. The thermal barrier coating material of claim 11 , fur- is 
ther comprising at least 30 wt. % GdgOg. 

13. The thermal barrier coating material of claim 11 , fur- 
ther comprising at least 40 wt. % GdgOs. 

20 

14. The thermal barrier coating material of claim 11, fur- 
ther comprising at least 50 wt. % GdgOg, 
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